It is expected that fuel cells will play a significant role in a future sustainable energy system due to their high energy efficiency and possibility to use as renewable fuels. Fuels, such as biogas, can be produced locally close to the customers. The improvement for fuel cells during the past years has been fast, but the technology is still in the early phases of development; however, the potential is enormous. A computational fluid dynamics (CFD) approach (COMSOL MULTIPHYSICS) is employed to investigate effects of different fuels such as biogas, prereformed methanol, ethanol, and natural gas. The effects of fuel inlet composition and temperature are studied in terms of temperature distribution, molar fraction distribution, and reforming reaction rates within a singe cell for an intermediate temperature solid oxide fuel cell. The developed model is based on the governing equations of heat, mass, and momentum transport, which are solved together with global reforming reaction kinetics. The result shows that the heat generation within the cell depends mainly on the initial fuel composition and the inlet temperature. This means that the choice of internal or external reforming has a significant effect on the operating performance. The anode structure and catalytic characteristic have a major impact on the reforming reaction rates and also on the cell performance. It is concluded that biogas, methanol, and ethanol are suitable fuels in a solid oxide fuel cell system, while more complex fuels need to be externally reformed.
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Introduction and Problem Statement
Fuel cells ͑FCs͒ are promising due to its environmental advantages with higher efficiency and lower emissions of SO x , NO x , and CO 2 than conventional power generation ͓1͔. The solid oxide fuel cell ͑SOFC͒ works at a high temperature such as 600-1000°C ͓2͔. This allows SOFCs to operate with different types of fuels from both fossil and renewable sources. It opens up for an easier transition from conventional power generation with hydrocarbon based fuels to fuel cells with possibility for different fuels, especially SOFCs. Due to the increasing global awareness of how energy usage affects the environment, the interest of renewable energy has increased. SOFCs are generally more tolerant to contaminants than other fuel cells and the possibility to internally ͑as well as externally͒ reform the fuel makes them interesting for renewable energy resources ͓1͔. Attractive fuels, which are considered in this study, are biogas, methanol, ethanol, and natural gas. The list of potential fuels for SOFC systems also includes gasoline, diesel, aviation fuel, ammonia, acetic acid, formic acid, butanol, butyric acid, and bottled gas. Coal and biomass can be used as raw fuels in a gasification process, which takes place before the fuel cell stack ͓3͔.
The aim of this paper is to study the possibility of using renewable fuels in SOFCs. The reforming reactions in SOFC systems can be conducted both externally and internally. The external reforming ͑ER͒, such as the prereformer in a SOFC system, means that the reformer is placed outside the cell, which is possible for all types of fuel cells. The internal reforming ͑IR͒ means that the reforming reactions occur within the cell. In the direct internal reforming ͑DIR͒ approach, the reforming processes occur together with the electrochemical reactions within the anode. In the indirect internal reforming ͑IIR͒ approach, the reforming reactions appear in a reformer ͑within the cell͒ in close contact with the anode where the exothermic electrochemical reactions take place. The IR reactions decrease the requirement for cell cooling ͑less surplus of air͒. Less steam is needed and finally, it offers advantages with respect to the capital cost. Up to half of the heat produced by the oxidation reaction could be "consumed" by the steam reforming ͑SR͒ process. This would improve the system electrical efficiency ͓4,5͔.
It is known that the use of heavy hydrocarbons ͑C 4 Ͼ͒ can cause considerable coking and deactivation problems with SOFC anode catalysts. A prereformer can break down the hydrocarbons with longer coal chains to C 1 to C 2 molecules plus H 2 and CO ͓6͔. An important part of the system design is the heat recovery, a big fraction of the heat generated in the cell can be used for the steam reforming reaction ͓7͔.
In this paper, a single intermediate temperature SOFC design, which uses externally reformed renewable fuels ͑prereformed methanol and ethanol and biogas͒ is studied. The renewable fuels are compared with natural gas due to the large quantity of information available in open literature. It would be interesting to apply DIR as well; however, more experimental studies need to be performed to achieve reliable kinetic data for Ni/YSZ reforming of methanol and ethanol. The approach with IIR is not yet very well developed but it can be an interesting design in the future. cal reactions. Carbon monoxide can be oxidized in the electrochemical reaction ͑Eq. ͑3͒͒ but can also react with water ͑Eq. ͑5͒͒. The reactions described here are the overall ones, more detailed reaction mechanisms can be found in Ref. ͓8͔ . Note that methane is not participating in the electrochemical reactions at the anodic TPB, it is catalytically converted within the anode into carbon monoxide and hydrogen, which are used as fuels in the electrochemical reactions ͓9͔,
The net reaction of methanol, ethanol, and dimethyl ether ͑DME͒ to hydrogen and carbon monoxide are described in Eqs. ͑6͒-͑8͒, respectively. The produced carbon monoxide reacts then further with steam to hydrogen and carbon dioxide by the watergas shift reaction, Eq. ͑5͒ ͓10͔,
The steam reforming reaction rates for simple fuels is presented in Eqs. ͑4͒-͑8͒. Also more complex hydrocarbons ͑from renewable or fossil origin͒ can be used as raw energy within a fuel cell system for hydrogen production. External reforming is necessary due to relatively long carbon chains. The overall hydrocarbon reforming reaction can be written as ͓7͔
Equation ͑9͒ states the ideal reforming reaction where the only products are pure hydrogen and carbon dioxide. In reality within a fuel cell reformer, there are three ordinary reforming reactions: SR, partial oxidation ͑POX͒, and autothermal reforming ͑ATR͒. SR, Eq. ͑10͒, is effective for hydrogen production and largely exothermic. In POX, Eq. ͑11͒, the fuel is partially burned with a substoichiometric amount of air. An ATR system contains one reactor with SR and one with POX ͓7͔.
It should be noted that if sufficient amount of heat is available, SR gives most hydrogen per amount of raw fuel; however, the conversion of complex hydrocarbons may be more difficult, compared with POX ͓7͔.
Renewable Fuels.
Using alternative fuels ͑compared with hydrogen͒ gives SOFCs a major advantage because pure hydrogen is highly flammable and volatile, which makes it problematic to handle. Also, hydrogen has low density, which makes storing costly. It should also be mentioned that pure hydrogen is expensive to obtain since it has to be extracted from another source, most commonly natural gas ͓11͔.
Like hydrogen, methanol and ethanol are useful energy carriers rather than primary fuels ͑natural gas, coal, etc.͒ through gasification or chemical synthesis reforming processes. The characteristics of these alcohol-based fuels are very similar to conventional liquid fuels ͑propane, butane, and diesel͒ and can be readily handled, stored, and transported ͓10͔. The CO 2 emissions do not have to be an issue, when they are produced in a renewable manner, because it will lead to that the net effect on the emissions will be zero ͓12͔.
Methanol is interesting due to its ready availability, high specific energy, and easy storage and transportation. Ethanol is also a promising candidate since it is readily produced from renewable resources. When comparing these, ethanol has extra advantages in terms of power density, nontoxicity, transportation, and storage. However, because of incomplete oxidization, the ethanol processing reaction consists of a more complicated multistep reaction mechanism and involves a number of adsorbed intermediates and by-products. The chemical formula for biomass is generally written as C x H y O z . The coefficients of x, y, and z can be calculated for each biomass. Biomass can be converted into biogas, usually by anaerobic breakdown in the absence of oxygen. The biogas consists mainly of methane and carbon dioxide ͓7͔.
Steam reforming of various fuels available in SOFCs, such as methane ͑biogas and natural gas͒, methanol, DME, and ethanol, consumes heat. The enthalpy change of the reaction for the mentioned fuels can be seen in Table 1 . Ethanol consumes the most heat per mole of fuel. However, when considering that reforming of the different fuels generate a different amount of hydrogen ͑to be used in the electrochemical reactions͒, the most heat per mole of hydrogen generated is required by the reforming of methane. Globally, all the heat needed for the reforming reactions is generated within the cell, thanks to the electrochemical reactions, and a higher efficiency can be achieved with the mentioned renewable fuels compared with pure hydrogen. It should be mentioned that the temperature can decrease close to the inlet if the steam reforming reaction rate is too high.
Challenges With Renewable Fuels.
The direct use of hydrocarbon fuels can lead to the catalyst's rapid deactivation by carbon formation on a traditional SOFC anode and also sulfur poisoning ͓13͔. A high inlet temperature along with internal reforming of a hydrocarbon can cause a high temperature gradient and tensions within the anode close to the fuel inlet due to the fast steam reforming reaction rate. This problem can be reduced if the fuel inlet temperature is lowered, part of the anode gas is recycled, anode reforming activity is reduced, or if ͑partial͒ prereforming is employed ͓5͔.
The probability for carbon depositions depends on the steamto-carbon ratio and operating temperature. It has been well established that the key reactions occur over a surface layer of nickel particles. If a layer of carbon is allowed to build up and attach to a nickel crystallite rapid catalyst breakdown can occur due to the graphite formation. It should be noted that hydrocarbons with a longer carbon chain than methane have a higher propensity for carbon deposition ͓5,14͔. It is concluded that methane and methanol with appropriate steam content can be directly fed to Ni/YSZ anode without the problem of carbon formation ͓6͔. For fuels with a longer carbon chain, a prereformer ͑with a catalyst less sensitive to carbon formation than Ni/YSZ͒ should be included in the fuel cell system. Sulfur needs to be removed before the fuel enters into the cell to avoid degradation within the cell. Various methods can be applied, such as high temperature desulfurization, where organic sul- For fuel cell systems, it is important to consider at what phase the fuel operates as the system can need extra equipments to handle the fuel storing and processing. The equipment besides the fuel cell generally takes up quite a lot of space and weight and for some fuels this becomes even more prominent when fuel storing space increases. Methane, DME, ammonia, and biogas are vapors at 1 bar and at 253-293 K. Methanol, ethanol, and diesel are liquids under these conditions. The vapors need to be pressurized to make the fuel storing in a commercial possible size with economically reasonable cost ͓15͔.
Mathematical Model
A two-dimensional model for an anode-supported SOFC is developed and implemented in the commercial software, COMSOL MULTIPHYSICS ͑version 3.5͒. Equations for momentum, mass, and heat transport are solved simultaneously. The geometry is defined in Table 2 , and a sketch of the investigated cell can be seen in Fig.  1 . Note the difference in scale between the cell length ͑x-direction, as in Fig. 1͒ and various component thicknesses ͑y-direction, as in Fig. 1͒ . It should be mentioned that the model in this study is 2D only, and the connection between the electrodes and interconnect cannot be explicitly observed in this case. 
Momentum
where F is the volume force vector, is the permeability of the porous medium, p is the porosity, is the dynamic viscosity, u is the velocity vector, and T is the viscous stress tensor ͑T = vٌ͑u + ٌ͑u͒ T ͒͒. is the second viscosity and for gases; it is normally assumed as =−2 / 3 ͓18͔. The densities and viscosities for the participating gases are dependent on local concentration and temperature, as described in Refs. ͓2,11͔. The gas inlet velocities are defined as a laminar flow profile. The outlet is defined as pressure ͑=1 atm͒.
2.2 Mass Transport. The Maxwell-Stefan equation for mass diffusion and convection is used to describe the mass transport phenomena for the gases inside the fuel cell ͓17͔. The Maxwell-Stefan equation is solved for the fuel and air channels and the electrodes,
where w is the mass fraction, x is the molar fraction, n is the number of species, D i T is the thermal diffusion coefficient, and D ij is the Maxwell-Stefan binary diffusion coefficient. S i , source term by chemical reactions, is only defined for the internal reforming reactions because the electrochemical reactions are assumed to take place at the interfaces between the electrolyte and electrodes. The diffusion coefficient is dependent on temperature, as described in Refs. ͓2,11͔. On the air side, nitrogen and oxygen are involved, and only one Maxwell-Stefan diffusion coefficient needs to be calculated. On the fuel side, methane, water, hydrogen, carbon monoxide, and carbon dioxide are present, and ten pairs of Maxwell-Stefan diffusion coefficient need to be calculated. The boundary conditions for the mass transport equation are defined as mass fraction for the gas channel inlets; the outlets are defined as convective flux ͓2͔.
Heat Transport.
The temperature distribution is calculated separately for the gas phase ͑in air and fuel channels and electrodes͒ and for the solid phase ͑interconnects, electrodes, and electrolyte͒. Heat is transferred between the phases at the channel walls and in the porous electrodes. The general heat conduction equation is used to calculate the temperature distribution for the solid materials, i.e., electrolyte, interconnect, and electrodes ͓17͔,
where k s is the thermal conductivity of the solids, T s is the solid temperature, and Q s is the heat source ͑heat transfer between the solid and gas phases and heat generation due to Ohmic polariza-tion͒. Note that heat generated due to Ohmic polarization is assumed to enter the solid phase ͑as a part of Q s ͒, heat generation due to electrochemical reactions, concentration and activation polarization are simplified and defined as interface conditions, such as for the mass transport. The temperature distribution for the gas mixtures in the fuel and air channels and in the porous electrodes is calculated as ͓17͔
in which c p,g is the gas phase heat capacity, T g is the temperature in the gas phase, and Q g is the heat transfer between the gas and solid phases. Because the Reynolds number is small, the heat transfer coefficient ͑h s,g,por ͒ in the porous electrodes ͑spherical particles are assumed͒ can be calculated as ͓19͔ where d p is the electrode particle diameter and k g is the gas conductivity. The heat transfer between the gas and solid phase depends on the temperature difference and the particle area to volume ratio as ͓20͔
in which h v is the volume heat transfer coefficient and AV is the area to volume ratio, which is used for heat transfer between the solid and gas phase. Note that the surface to volume ratio for heat transfer is higher than that for chemical reactions because not all the available surface is covered with active nickel catalyst. The heat transfer area to volume ratio equals to the material specific available area ͑area per weight͒ times the density. The heat capacity and the thermal conductivity in the gas phase depend on the temperature and the concentration, as described in Refs. ͓2,11͔.
The heating due to Ohmic polarization is described in Sec. 2.4. The inlet gas temperature is defined by the operating temperature ͑1000 K͒, and the outlet one is defined as a convective flux. The boundaries at the top and at the bottom of the cell are defined by symmetries because it is assumed that the cell is surrounded by other cells with the same temperature distribution. The heat flux between the electrodes/interconnect and gas channels are specified at two channel walls, located opposite to each other, with a constant Nusselt number ͑4.094͒ from Ref. ͓21͔, based on the fully developed flow for a rectangular duct ͑aspect ratio is 1 for both channels͒. The cell is also heated due to change in entropy in the electrochemical reactions and concentration and activation polarizations, as described in Sec. 2.4.
Electrochemical Reactions.
Two approaches for defining the electrochemical reactions can be found in literature, either as source terms in the governing equations ͓22,23͔ or as interface conditions defined at the electrode/electrolyte interfaces ͓24,25͔. The later approach is employed in this study because the thickness of the active layer is sufficiently thin, compared with the thickness of the electrode ͓24,25͔. The charge transfer equations are not solved in this study; however, the temperature effects from Ohmic, concentration, and activation polarization losses are included in the equations for heat transport.
Both hydrogen and carbon monoxide can participate in electrochemical reactions with oxygen ions ͑Eqs. ͑2͒ and ͑3͒͒. The electrochemical oxidation of hydrogen is several times higher than that of carbon monoxide while the water-gas shift reaction is relatively fast ͓23͔. The contribution of oxidation of carbon monoxide has been neglected in this study. The cell average current density in this study is specified as 0.3 A / cm 2 .
Ohmic polarization occurs due to resistance of the flow of ions in the electrolyte and electrical resistance in the electrodes. The electrodes and electrolyte are heated due to this effect ͓26,27͔,
where is the component thickness and R ohm is the electrolyte area-specific Ohmic resistance. The electronic/ionic conductivities ͑͒ are calculated as described in Ref. ͓26͔ .
Heat generated due to electrochemical reactions and due to polarization losses are, as previously described, defined at the electrodes/electrolyte interfaces, − n · ͑− k ٌ T͒ − = q 0 ͑21͒ q 0 = q r + q losses = − i · ͩ T · ⌬S r n e · F + act,e + conc,eͪ
͑22͒
where q 0 is the heat generated at the interface ͑specified as interface condition͒, q r is the heat generated inside the cell due to change in enthalpy, and q losses is the heat generated due to potential losses inside the cell. The amount of heat generated due to electrochemical reactions can be calculated as ͓28͔
where ṅ is the molar flux density ͑mol/ ͑m 2 s͒͒ and ⌬S r is entropy change of reaction ͑−50.2 J / ͑K mol͒͒, calculated from data in Ref. ͓29͔ . The heat generation due to activation and concentration polarizations can be calculated as ͓27,30͔
The concentration polarizations due to concentration differences inside the cell are specified as ͓26͔
where p i,TPB stands for the partial pressure at the boundary TPB and p i,b is the partial pressure at the interface between gas channel and electrode. Chemical reactions involve energy barriers ͑i.e., activation polarization͒, which must be overcome by the reacting species. The activation polarization can be considered as the extra potential needed to overcome the energy barrier of the ratedetermining step to a value that the reaction proceeds at a desired rate ͓30͔, act,e = 2RT n e F sinh −1 ͩ i e 2 · i 0,e ͪ ͑28͒ i 0,e = RT n e F kЉ e expͩ − E e RT ͪ ͑29͒ where i 0,e is the exchange current density. The pre-exponential factor ͑kЉ͒ is 2.35ϫ 10 11 ⍀ −1 m −2 for the cathode and 6.54 ϫ 10 11 ⍀ −1 m −2 for the anode, respectively. The activation energy ͑E͒ is 137 kJ/mol for the cathode and 140 kJ/mol for the anode ͓26͔. 
Internal
where p i is the partial pressure of gas species i, T is the temperature, r is the reaction rate, and AV is the active area to volume ratio. Equation ͑30͒ originates from experiments performed at the Research Center Jülish, and the anode material consists of Ni-
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Transactions of the ASME 8YSZ substrate with a standard composition of C n H m O z Ni ͓36͔.
The range for the AV ͑related to catalytic kinetic reactions͒ varies in literature between 1 ϫ 10 5 m 2 / m 3 ͓37͔ and 2.2 ϫ 10 6 m 2 / m 3 ͓32͔ for SOFC anodes. The measured specific surface area ͑m 2 / g͒ for Ni/YSZ material developed for SOFC anodes ͑with a pore size of 225 nm͒ is 70ϫ 10 6 m 2 / m 3 ͓38͔. Note that not all the surfaces are available for catalytic reactions due to the distribution of catalyst, nonavailable pores, and mass transfer limitations among others. An AV of 2.2ϫ 10 6 m 2 / m 3 , corresponding to 3.1% of the total Ni/YSZ specific area to volume ratio, is used in this work. The trend for the development during the past years is in the direction of employing smaller particles to get larger AV.
The reaction rate ͑Eq. ͑30͒͒ is of the Arrhenius type. It consists of three parts, partial pressures, pre-exponential factor, and activation energy. The pre-exponential factor describes the amount of collisions between the molecules within the reaction and the exponential expression with the activation energy describes the probability for the reaction to occur. The pre-exponential factors depend strongly on the properties of the anode material and the temperature. The activation energy is based on the catalytic characteristics, such as chemical composition. The large difference between the activation energies in open literature ͓11,32,34-36,39͔ makes it probable that more parameters have significant influences on the reaction rate. To truly enhance the understanding of these phenomena, microscale modeling is needed.
Different approaches for defining the water-gas shift reaction can be found in literature: ͑1͒ global reaction mechanism that considers reaction in the anode only ͓9,23,33͔, ͑2͒ global reaction mechanism that considers reaction in the anode and in the fuel channel ͓32,40͔, and ͑3͒ a more advanced reaction mechanism that includes catalytic surface reaction kinetics for integrated steam reforming, water-gas shift reaction, and the Boudouard mechanism ͓8,41͔. Based on the global scheme for the anode, the expression for the catalyzed water-gas shift reaction in Ref. ͓33͔ has been selected in this study:
The rate constant ͑k sf ͒ and the equilibrium constant ͑K ps ͒ are temperature dependent expressions calculated from experimental data, as described in Ref.
͓33͔.
The source terms S i ͑implemented in the Maxwell Stefan equation for mass transport͒, due to the catalytical reforming reactions, are defined as ͓23͔
where M i is the molecular weight and S i is the source term of species i. The last species ͑CO 2 ͒ can be obtained because the sum of the mass fractions equals unity. The heat generation/ consumption due to the reforming reactions is specified in ͓11͔
where ⌬h i is the enthalpy change due to the reactions and Q s is the heat generation in the solid phase.
Cell Operating Conditions.
The investigation performed in this study concerns biogas, prereformed methanol, ethanol, and natural gas. The inlet molar fractions are specified in Table 3 . The molar fractions based on initial steam-to-fuel ratios ͑SFs͒ of 3 and 5 ͑for methanol and ethanol͒ are calculated from the experiments performed in Ref. ͓6͔ . After the prereforming of ethanol, the fuel mixture contains some ethylene and etan. To simplify the calculation and due to the lack of kinetic information in considering reforming of ethylene and etan on Ni/YSZ catalyst, these concentrations are assumed to be methane. For the case of biogas, a small fraction of hydrogen is added to enable electrochemical reactions close to the inlet as well, and steam is added to avoid carbon deposition and to be used in the reforming reactions. The fuel composition for 30% prereformed natural gas is defined by the International Energy Agency ͑IEA͒ and is frequently used in literature. The flow rates for the different cases are calculated to keep the fuel utilization being 80%. The flow rate of air is kept constant for all cases and the oxygen utilization is set to be 20%.
Results and Discussion
The predicted temperature distribution for the case with prereformed methanol with initial SFs of 3 and 5 can be seen in Figs. 2 and 3, respectively. Increased SF means a slightly decreased temperature rise ͑5 K difference in the maximum temperature between these two cases͒ due to a higher flow rate in the flow channel ͑to keep the fuel utilization to 80%͒. It should be mentioned that the flow rate in the air channel is significantly higher than in the fuel channel. The temperature difference in the y-direction ͑Fig. 4͒ in the air channels occurs because the convective heat flux are bigger in the air channel ͑compared with the fuel channel͒ due to the relatively larger air flow rate.
The temperature distribution for biogas is shown in Fig. 5 , that for prereformed ethanol ͑SF= 3͒ is shown in Fig. 6 , and that for 30% prereformed natural gas is shown in Fig. 7 . The case with biogas and natural gas contains more methane compared with that of prereformed ethanol and methanol. A higher fraction of methane means a decreased total temperature rise due to the heat consumption in the steam reforming reaction.
The developed model is also used to simulate cases with an even higher concentration of methane and also a higher inlet temperature ͑compared with the cases in Table 3͒ . The limitation to be considered is that the probability of carbon deposition increases when the SC is too low. The potential trouble with a high temperature gradient close to the fuel inlet can be managed with lowering the inlet temperature or diluting the fuel since a higher temperature or a less diluted fuel gives a higher steam reforming reaction rate and also a higher temperature gradient. This is not a problem, for the cases specified in Table 3 , since a relatively low inlet temperature ͑1000 K͒ as well as prereformed fuel mixtures is used. The activation energy in the methane steam reforming reaction is high for this case; i.e., the probability for reaction is very low. A catalytic composition with decreased activation energy will cause a steeper temperature gradient. When the inlet temperature is increased, a high temperature gradient close to the inlet can occur, as observed in Fig. 8 , where the inlet gas temperature for the case with biogas is increased with 100 K. Note that the heat generated by the electrochemical reactions and polarization losses is still higher than the heat consumed by the reforming reactions when the complete cell is studied.
The predicted molar fractions in the fuel channel for the participating gas species along the flow direction for the case with prereformed methanol ͑SF= 3͒ are shown in Fig. 9 , and those for the case with biogas are shown in Fig. 10 . Hydrogen is consumed and water is generated ͑due to the electrochemical reactions͒ along the flow direction for all the investigated situations. There is a consumption of water as carbon monoxide and methane are reformed. Depending on the inlet fraction, a decrease in the molar fraction of water can be observed close to the inlet, e.g., for the Transactions of the ASME cases with prereformed methanol. The molar fraction of carbon monoxide depends on the water-gas shift reaction. The case with biogas contains initially very little hydrogen. The generation of more hydrogen depends on the steam reforming reaction, which depends on the active area to volume ratio, temperature, and gas species concentrations. Note that the total amount of molecules ͑within the fuel cell͒ increases as the steam reforming reaction proceeds to the right. For the situations with high inlet concentrations of methane ͑for example, the case with biogas, shown in Fig. 11͒ , the steam reforming reaction rate ͑within the anode͒ is high as long as high concentration of methane is available. The lower rate close to the inlet is due to a lower temperature. The reaction rate expression has, as previously mentioned, high activation energy. This is the reason for the relatively low reaction rate, which enables the methane steam reforming reaction rate to be similar within the entire length of the anode. It should be mentioned that the backward reaction rate is negligible, compared with the forward reaction rate for the situations applied in this study. The reaction rate increases as the temperature and concentration of steam increase and decreases as the concentration of methane decreases. Note that there is a difference in scale between the x-and y-directions. The steam reforming reaction rate in the anode for the case with prereformed methanol ͑SF= 3͒ is shown in Fig. 12 . It contains initially very little methane. This gives a low initial steam reforming reaction rate, which increases as the carbon monoxide and the hydrogen are consumed, as well as the temperature is increased. It is possible to change the reaction rate, either by changing the particle size of active catalyst or the porous structure, i.e., active catalytic area.
As shown in Fig. 13 , high reaction rates for the water-gas shift reaction are obtained when the inlet concentrations are far from equilibrium conditions in terms of temperature and concentrations, for example, for methanol with the SF of 3. The reaction rate for the water-gas shift reaction in the anode for the case with biogas is shown in Fig. 14. The reaction proceeds initially to the left due to a low concentration of carbon monoxide and a high concentration of carbon dioxide. As hydrogen is consumed and water generated by the electrochemical reaction within the anode, this reaction proceeds to the right. The water-gas shift reaction is coupled to the steam reforming reaction, due to the production of carbon monoxide and hydrogen, and consumption of water.
No validation with experimental data has been conducted. However, some comparison with literature has been done. The result in this study follows the same trend concerning temperature and concentration distributions along the flow direction as in Refs. ͓32,40,41͔.
Conclusions
A CFD approach is developed and implemented to analyze physical phenomena, which take place inside a single anodesupported SOFC. Equations for mass, heat, and momentum transport are solved simultaneously. The temperature distributions in the gas and solid phases are calculated separately according to the local temperature nonequilibrium approach. The operating parameters are kept constant, while the inlet fuel compositions are varied to illustrate biogas, prereformed methanol, ethanol, and natural gas.
The heat, which is generated due to the electrochemical reactions, can be used for internal steam reforming reaction within the anode and/or outside the cell for external reforming and preheating of the fuel and air. It is concluded that a fuel containing a high percentage of methane and also a high inlet temperature gives a steep temperature gradient close to the fuel inlet ͑i.e., the case with biogas and an increased inlet temperature͒. The case with prereformed methanol contains only a small amount of methane, which makes the total heat generation higher, compared with the other investigated cases. It is found that for the steam reforming reaction, the backward reaction rate is negligible, compared with the forward one, for the conditions within a SOFC. The probability for methane steam reforming reaction is low due to the high activation energy. To increase the reaction rate significantly, a new catalytic composition should be introduced. The low reforming reaction rate has advantages in terms of a low temperature gradient, i.e., decreased risk of mechanical failure.
It is concluded that biogas, methanol, and ethanol are suitable alternative fuels for a SOFC system. The reforming of ethanol is more complex and gives more by-products compared with the reforming of methanol and methane. Utilization of a fuel with an even longer coal chain makes the reforming more complex and the possibility of internal reforming ͑within the anode͒ disappear. Addition of more steam to fuel decreases the risk of carbon deposition at the anode catalytic active area.
Further development of SOFCs can enhance the transition from fossil fuels to renewable fuels. The choice of the fuel for a commercial fuel cell system will depend on the available fuel infrastructure, complexity of system, environmental requirements to be considered, and price for the different fuels.
